Abstract: Knr4, recently characterized as an intrinsically disordered Saccharomyces cerevisiae protein, participates in cell wall formation and cell cycle regulation. It is constituted of a functional central globular core flanked by a poorly structured N-terminal and large natively unfolded Cterminal domains. Up to now, about 30 different proteins have been reported to physically interact with Knr4. Here, we used an in vivo two-hybrid system approach and an in vitro surface plasmon resonance (BIAcore) technique to compare the interaction level of different Knr4 deletion variants with given protein partners. We demonstrate the indispensability of the N-terminal domain of Knr4 for the interactions. On the other hand, presence of the unstructured C-terminal domain has a negative effect on the interaction strength. In protein interactions networks, the most highly connected proteins or ''hubs'' are significantly enriched in unstructured regions, and among them the transient hub proteins contain the largest and most highly flexible regions. The results presented here of our analysis of Knr4 protein suggest that these large disordered regions are not always involved in promoting the protein-protein interactions of hub proteins, but in some cases, might rather inhibit them. We propose that this type of regions could prevent unspecific protein interactions, or ensure the correct timing of occurrence of transient interactions, which may be of crucial importance for different signaling and regulation processes.
Introduction
Knr4 is a Saccharomyces cerevisiae protein which localizes at sites of polarized cell growth and influences cell wall formation and cell cycle progression. 1, 2 An unusually large number (194) of other S. cerevisiae genes show synthetic lethal interactions with the KNR4/SMI1 gene, 3 and at the protein level, about 30 different proteins have been reported to physically interact with Knr4. [4] [5] [6] [7] [8] We recently showed that this protein is constituted of a central globular core flanked by a poorly structured N-terminal domain and a large natively unfolded C-terminal domain. 9 Therefore, Knr4 belongs to the family of intrinsically disordered proteins (IDP) which, being characterized by the absence of stable secondary and/or tertiary structures and existing instead as very dynamic ensembles of conformations under physiological conditions in vitro, fulfill crucial biological functions (for reviews see, e.g., Refs. [10] [11] [12] [13] [14] [15] [16] [17] . Many members of this family are able to interact with multiple partners and are very often involved in cell-signaling and regulatory functions. [18] [19] [20] [21] [22] Although the central, structured part of Knr4 protein seems to ensure most of the functions of the protein, we showed that the N-terminal region of Knr4 is indispensable for cell viability when PKC1 pathway is deficient. 9 Interaction of Knr4 through this domain with other proteins thus seems crucial for the functioning of a parallel pathway that maintains cell integrity in the absence of a functional PKC1 pathway. However, the role of the large Knr4 C-terminal domain with its highly disordered structure so far remains undefined. Here we have investigated the influence of both N-terminal and C-terminal domains on protein-protein interactions between Knr4 and its binding partners, in vivo using the yeast two-hybrid system and in vitro by surface plasmon resonance (BIAcore). We show that these domains display unusual interactions properties that are in fact common toward all different Knr4 partners.
Results
Global screen for specific partners of Knr4 terminal domains by two-hybrid system approach As a result of several studies on protein interactions, where the entire Knr4 protein was used as the bait, about 30 protein partners of Knr4 were identified. [4] [5] [6] [7] [8] In this work, we carried out different large scale two-hybrid screenings, using deletion variants of Knr4 lacking either N-or C-termini as baits. Our aim was to identify Knr4 binding partners specifically interacting with either N-or C-terminal domains, to better understand the functions of these two protein parts. For this purpose, four genome-wide two-hybrid screenings were performed with different fragments of Knr4 (1-505, 1-340, 80-505, and 80-340) fused with the Gal4 DNA-binding domain (BD) [ Fig. 1(A) ]. These baits were individually crossed using a robotic programmable apparatus (Biomek 2000 from Beckman) with the arrayed library of Gal4 activating domain (AD)-fused proteins 4 representing almost the entire genome of S. cerevisiae. Resulting diploids were replicated on synthetic medium lacking adenine to screen for two-hybrid interactions. 23 We noticed that on the 3rd day of growth on this media, many large colonies appeared when Knr4 lacking C-terminus (1-340) was used as bait. On the contrary, in the two screenings with N-terminus lacking constructs (80-340 and 80-505), the colony size of potential positive clones was smaller than in the screen with the full-length Knr4-BD fusion. To eliminate false positives, a total of 103 potential protein partners selected in all four screenings were then re-examined in two steps for their ability to interact with the different Knr4 fragments. First, we used the strategy of the original screening, where the corresponding haploid strains from the library were crossed with the haploids of the opposite mating type transformed by the same four BD-Knr4 fusions and a control plasmid expressing only the DNA BD of Gal4. This step was followed by the growth detection of resulting diploids in the interaction-selective media. Ten candidates showing detectable growth compared with the negative control (diploid strain containing pOBD2 and pOAD plamsids) were kept after this step. The second verification round consisted in retransforming the plasmids extracted from the 10 selected library strains into the haploids carrying Knr4-BD-expressing plasmids. Similarly to the first verification, growth of the resulting double transformants was tested on interaction-selective media. After this step, the interactions with Knr4-BD fragments were confirmed only for four proteins: a very strong one was found for Tid3 and weaker ones for Rvs167, Asm4, and Bud3 proteins. Importantly, the strength of interaction of each partner with Knr4 was dependent on the Knr4 fragment used in combination. The strongest interaction was always observed for the Knr4 1-340 fragment, slightly weaker for the full-length protein (1-505), and significantly weaker interactions were observed for the two fragments lacking the protein N-terminus (80-505 and 80-340 fragments). This observation is in agreement with the differences in colony sizes of the diploids grown on synthetic medium lacking adenine that we saw during the initial screenings. Thus, these data suggest that the absence of C-terminal part could increase the interactivity of Knr4 protein, whereas removal of N-terminus would weaken the interactions. These four new physical partners of Knr4 come in addition to the ones that we and other labs previously isolated. [4] [5] [6] [7] [8] These partners fall into different functional categories, but most of them are related to cell morphogenesis either directly (actin and dynactin cytoskeleton elements, polarisome components) or through stress related signaling pathway (mostly, the CWI pathway and transcription factors), which is fully coherent with the biological function of Knr4 that we previously published. 2, 9 However, the purpose of this work was not to further study the function of the full protein in the cell, but to investigate the specific roles of its disordered domains.
Refined in silico characterization of the disordered nature of Knr4 protein
We established earlier that Knr4 protein is divided into three domains: a central globular core flanked by a poorly structured N-terminal region and a large natively unfolded C-terminal domain. 9 Because we observed in the present study the crucial importance of the two terminal parts of Knr4 protein for its interaction capacity, we performed a new in-depth in silico structure analysis to explain these properties. To analyze in details the intrinsically disordered nature of Knr4, we first carried out the composition profiling of this protein as described by Vacic et al. 24 The tendency of a given protein to be intrinsically disordered is determined by a set of specific features of its amino acid sequence and composition. 11, 25 For example, intrinsically disordered proteins are significantly depleted in bulky hydrophobic (I, L, and V) and aromatic amino acid residues (W, Y, and F), which would normally form the hydrophobic core of a folded globular protein, and also possess low content of C and N residues. These residues, I, L, V, W, F, Y, C, and N, were proposed to be called order-promoting amino acids. On the other hand, intrinsically disordered proteins and regions were shown to be substantially enriched in disorderpromoting amino acids: E, K, R, G, Q, S, P, and A.
The results of the analysis that we conducted on Knr4 sequence are shown in Figure 2 glance, the composition profile of the full-length Knr4 differed significantly from that of a set of wellcharacterized intrinsically disordered proteins from the DisProt database. 27 However, when this analysis was restricted to the N-and C-terminal fragments of this protein (Knr4 1-79 and Knr4  341-505 domains, respectively), the composition profiling produced plots typical for intrinsically disordered proteins, with noticeable depletion in major order-promoting residues (excepted for the phenylalanine residues which seem to be rather abundant in Knr4 order-promoting residues (especially, W, F, Y, C, and L) and noticeably more major disordered-promoting residues (such as K, E, and Q) than any other protein analyzed in this study.
To get stronger evidences on the disordered structure of the N-and C-terminal domains of Knr4, these parts of the protein were analyzed using a recently developed disorder predictor PONDR V R -FIT. 28 This bioinformatics tool represents a metapredictor, which combines the outputs of several disorder predictors, such as PONDR-VLXT, 29 PONDR-VSL2, 30 PONDR-VL3, 31 FoldIndex, 32 IUPred, 33 and
Top-IDP. 34 The prediction performance of this metapredictor is 2-3% higher than the performance of the best of its individual components (some of which are among the most accurate disorder predictors currently available). The results of the Knr4 analysis are shown in Figure 2 (B), which clearly illustrates that both the N-terminal (residues 1-80) and the C-terminal domains (residues 340-505) are predicted to be highly disordered because their PONDR-FIT curves are located mostly above the 0.5 threshold. This conclusion was further confirmed by the prediction of secondary structure propensity in Knr4 protein. In fact, Figure 2 (B) shows that both N-terminal and C-terminal domains of this protein contain very limited amount of predicted a-helices and b-strands. It has been emphasized that predictions of short ordered regions in otherwise highly disordered proteins might correspond to protein regions that mediate interaction with other proteins or DNA, so called molecular recognition elements or molecular recognition fragments (MoREs or MoRFs, respectively). 24, [35] [36] [37] [38] Figure 2 (B) shows that the intrinsically disordered N-and C-terminal domains of Knr4 contain several potential binding sites identified as characteristic deeps in the PONDR-FIT curve. In the N-terminal domain, the only deep centered at residue $26 is due to the presence of several aromatic residues (Y21, Y24, and F32). So, it is likely that this region is responsible for the observed in vivo N-terminus interaction indispensability. In the C-terminal domain, there are four noticeable deeps centered at residues $315, $360, $400, and $450. Data for a set of disordered proteins from DisProt are shown by black bars. The bar for a given amino acid represents the fractional difference in composition between a given protein (or set of proteins) and the set of ordered proteins. The fractional difference is calculated as (C X À C ordered )/C ordered , where C X is the amount of the amino acid in a given protein/set, and C order is the corresponding amount in the set of ordered proteins. Residues are ordered by their disorder propensity. Negative values indicate residues less abundant in the given protein/set than in the set of ordered proteins, positive indicates residues more abundant in the given protein/set than in the set of ordered proteins. B: Distribution of the PONDR V R -FIT score over the sequences of Knr4. In PONDR plot, segments with scores above 0.5 correspond to disordered regions, whereas those below 0.5 correspond to ordered regions. Red and blue bars represent the respective positions of the alpha-helical and beta-structural elements predicted by the NPS (network protein sequence analysis) consensus secondary structure server, 26 which runs the input sequence against several different secondary structure prediction tools and generates a consensus secondary structure out of them. Fig. 1(A) ]. To test for the strength of interactions of different Knr4 fragments, we used pJ69-4a strains already carrying plasmids with different partners of Knr4 fused to Gal4 AD and transformed them with the plasmids described above expressing fusions of Gal4 BD with different parts of Knr4. In the resulting double transformants, the Gal4-dependent expression of all three markers (ADE2, HIS3, and LacZ) was analyzed [ Fig. 1(B,C) ]. These experiments were conducted with the different Knr4 protein partners found in the screening described above: Tid3, Asm4, Rvs167, and Bud3, and similar interaction profiles with Knr4 fragments were obtained for all of them (data not shown). The results observed with Tid3, which displayed the strongest interaction with Knr4 of these four new partners, are presented on Figure 1 (B,C).
To test for the general aspect of these interactions properties, we decided to conduct similar experiments with other previously identified Knr4 partners. We choose Tys1, a known in vivo protein partner of Knr4 isolated in our lab in a previous global two-hybrid screen, because the interaction between these two proteins is strong and has an established biological significance. 5 Tys1 interaction with Knr4 in the two-hybrid system was reinvestigated in details, and its interaction profile with Knr4 fragments is shown on Figure 3 . Although the interaction strength measured is higher for Tys1 as expected, the interaction profile with the different Knr4 fragments is similar to the one observed for Tid3 shown in Figure 1(B,C) .
The results of these tests clearly indicated that the first 40 amino acids of the Knr4 protein were absolutely needed for its ability to interact with its binding partners. Furthermore, looking either at the ADE2 marker expression [ Fig. 1(B) ] or at the b-galactosidase activity [ Fig. 3(A) ], we were able to detect a quite strong interaction even for the Knr4 N-terminal domain alone (construction BD 1-80), although its strength seems to depend on the In vitro surface plasmon resonance test for protein-protein interaction specificity. We strongly believe that the evidence of the general aspect of the interaction properties is stronger if it is demonstrated using both different partners and different methods. Thus, to confirm our results about the role of the two unstructured Knr4 termini in protein interaction obtained in vivo, we chose an in vitro approach, surface plasmon resonance (SPR). In this analysis system (BIAcore), one of the interacting molecules is immobilized onto the surface of a sensor chip and a potential interaction partner is then injected in solution and flows over the sensor surface. The binding of an interaction partner to the immobilized molecules results in a change in SPR signal that is detected in real time and presented as a sensorgram. In this experiment, we investigated in vitro interaction of Knr4 and its two truncated variants with Tys1, the best known in vivo protein partner of Knr4 isolated in our lab. 5 Purified Knr4 frag- 
Discussion
Numerous recent studies revealed the existence of a correlation between the presence of intrinsically disordered regions in proteins and their ability to interact with a large number of partners. 16, 40, 41 The presence of disordered regions in such proteins and the existence of the binding-induced disorder-to-order transitions were proposed to allow specific but reversible interactions, which are very important for the proteins involved in all kind of cellular regulation processes. 12, 14, 16, [18] [19] [20] [21] [22] [42] [43] [44] [45] In many cases, the conclusion on the advantage provided by intrinsically disordered regions for promiscuous behavior of the corresponding protein was based on the computational analysis of the protein interactions and expression databases, combined with the protein structure predictions. In this work, the promiscuity of the potential yeast hub protein Knr4, which is shown to be composed of three differently structured domains, was investigated using a set of experimental tools complementary to the computational approaches. The strength of the yeast two-hybrid interactions of this protein with its binding partners was shown to be dependent on the presence of the Knr4 N-and C-terminal domains. The N-terminus appears to be essential for the Knr4 interactions, first because, being fused alone to the DNA binding domain of Gal4, this fragment assured the in vivo interaction. Second, the removal of this fragment from the protein resulted in a noticeable decrease in the interaction strength. Detailed computational analysis of this N-terminal domain sequence revealed the presence of a characteristic deep in the PONDR-FIT curve, centered at residue 26, which is likely to be responsible for the protein-protein interactions observed.
Given the presence of two deeps at positions 361 and 401 and the strongly disordered character of the C-terminal domain of the protein, a positive involvement of this protein part in the interactions could also be expected. However, on the contrary, we observed an inhibitory effect of the whole C-terminal part on protein-protein interactions. Some weak interactions were even found in vivo for the constructs lacking the N-terminal region when the C-terminal domain was deleted too. In addition, we noticed that the fusion of this disordered C-terminal domain to the Gal4 binding domain abolished the residual background interaction observed between this domain and the Gal4 activating domain fusion proteins (or possibly the yeast transcriptional machinery itself). Furthermore, in vitro SPR analyses clearly demonstrated the negative influence of the unstructured C-terminus of Knr4 protein on its binding capacity. Altogether, these data indicate that this large intrinsically disordered C-terminal part of the protein is not directly involved in the proteinprotein interaction, but rather serves as a negative regulator of these interactions. It is possible that to fulfill some of its functions Knr4 needs to interact very strongly with other proteins. The C-terminal domain could then be specifically cleaved to allow these interactions to take place at the proper time or cell location. Indeed, the several in vivo phosphorylation sites as well as the PEST sequence found this domain (data not shown) could in these cases participate in ensuring the appropriate degradation of this part of the protein.
Intrinsically unstructured (or disordered) proteins (IUP or IDP) and regions are very abundant among the most highly connected proteins or ''hubs'' in protein interactions networks. 18, 19, 41, 46 Among them, the transient or ''date'' or ''sociable'' hubs, which interact with different partners at different times and locations, are statistically enriched in large and highly flexible regions compared with the ''party'' hubs which form stable complexes with their partners. 47, 48 It has been proposed that these large disordered regions are implicated in transient binding interactions by favoring disorder to order transition, which would render the interactions highly reversible as maintaining their high specificity. The enrichment of intrinsic disorder in date hubs may facilitate transient interactions, which might be required for date hubs to interact with different partners at different times. 49 Furthermore, the abundance of IDPs in the cell is precisely regulated at the levels of transcription, transcript clearance, translation, and proteolytic degradation. 42, 50 This is coherent with the functions of IDPs, because fidelity in signal transduction may require the presence of most signaling pathways elements in appropriate amounts and only as long as they are needed. Indeed, variations in the abundance of IDPs in the cell are associated with perturbed cellular signaling that may lead to pathological conditions such as cancer. 51 The fact that disordered regions are prone to make promiscuous molecular interactions when their concentration is increased is likely the cause of this dosage sensitivity. 52 On the basis of these recent findings and on the presented analysis of the yeast Knr4, we propose that the large disordered and highly flexible regions of transient hub proteins are not always involved in promoting their protein-protein interactions, but in some cases, might rather inhibit them. Theoretically, they could sterically prevent unspecific protein-protein interactions, or ensure the occurrence only at the correct timing of the transient interactions of ''date'' or ''sociable'' hub proteins. These mechanisms might be of crucial importance for different signaling and regulation processes.
Material and Methods
Bacteria and yeast strains, media, and growth conditions 
Oligonucleotides and plasmids constructions
Primers used for the construction of bait plasmids are listed in Table I . DNA fragments of KNR4 were obtained by PCR amplification from genomic DNA.
To amplify deleted variants of Knr4, different combinations of forward and reverse primers shown in the Table I were used. Amplified fragments were cloned into BamH1/Pst1 of pOBD2 plasmid. For the expression of GST-fusion proteins and purification of three deleted Knr4 variants needed for the BIAcore test, we used the protocol and the plasmids described by Durand et al. Tys1-GST fusion protein was expressed from the plasmid described in Ref. 5 .
Two-hybrid large scale screen
The screen for interacting proteins was done using a genome-wide array consisting of $6000 yeast haploid strains, each containing a plasmid (pOAD) with an ORF fused to the Gal4 AD. The bait plasmids pOBD2 carrying the different Knr4 fragments were transformed into yeast strain PJ69-4a. These transformants were then crossed to the yeast array (16 plates, each with 384 positions) composed of the PJ69-4a strains transformed with pOAD plasmids carrying the AD-fused ORFs. All replications and inoculations were carried out using the 384-pin replicator of a Biomek 2000 Laboratory Automation Workstation, with movements programmed using the BioWorks Version software (Beckman Coulter). After mating, PJ69-4 diploids were selected by plating onto SD without leucine and tryptophan. Screening for protein-protein interactions was done by pinning these diploids onto SD lacking leucine, tryptophan, and adenine. Positive colonies, which grew on this selection medium, were identified by their position in the array. Growth was scored after 4, 7, 10, 16, and 20 days at 30 C.
Surface plasmon resonance (BIAcore) analysis
Materials. Biomolecular interaction analyses were carried out in HBS-buffer (150 mM NaCl, 0.05% (v/ v) Surfactant P20, 10 mM Hepes, pH 7.4 or pH 5.5) using the BIAcore V R 3000 (Biacore AB, Uppsala, Sweden). Recombinant Tys1-GSTp, Knr4, and its different fragments were expressed and purified as described. 5, 9 Protein concentration was determined using NanoDrop 1000 (Nyxor Biotech).
Immobilization. Knr4 protein fragments were immobilized on a CM5 sensorchip (BIAcore) using the Amine Coupling Kit (BIAcore). The surface of the sensorchip was activated with 70 lL EDC/NHS (100 mM N-ethyl-N 0 -(dimethyl-aminopropyl)-carbodimidehydrochloride, 400 mM N-hydroxysuccinimide) using a flow rate of 10 lL/min. Protein fragments, 20-40 lg/mL, were diluted in 10 mM sodium acetate pH 4.0. Subsequently, the sensorchip was deactivated with 70 lL of 1M ethanolamine hydrochloride pH 8.5 (flow rate: 10 lL/min) and HBS flowed for 5 min.
BIAcore analysis. Binding analyses were performed with multiple injections of different protein concentration solutions over the immobilized surfaces at 25 C. All samples were diluted in HBS-EP buffer (Hepes 10 mM, NaCl 150 mM, EDTA 3 mM, polysorbate 0.005%) and were injected over the sensor surface for 4 min at a flow rate of 20 lL/min. All diluted samples were injected at the same time over the four channels (flow cells). Flow cell 1 was used to obtain control sensorgrams showing nonspecific binding to the sensorchip surface. Control sensorgrams were subtracted from sensorgrams obtained with immobilized fusion proteins to yield true binding responses. Kinetics constants (k on , k off , and K D ) were calculated using BIAevaluation 4.0.1 software.
In silico analysis
Compositional profiling. To gain insight into the relationships between sequence and disorder, the amino acid compositions of Knr4 and its fragments were compared using an approach developed for the analysis of intrinsically disordered proteins. 11, 24 To this end, the fractional difference in composition between given protein or a protein set (Knr4, its fragments and a set of intrinsically disordered proteins, 27 and a set of ordered proteins 24 was calculated for each amino acid residues. The fractional difference was calculated as (C X À C ordered )/C ordered , where C X is the content of a given amino acid in a given protein (or protein set), and C ordered is the corresponding content in a set of ordered proteins and plotted for each amino acid. This analysis was PONDR-VL3, 31 FoldIndex, 32 IUPred, 33 and Top-IDP. 34 These individual predictors were selected because they use different predictive approaches, emphasize different features of the sequence, and all give acceptable accuracies as individual predictors. 28 The PONDR V R -FIT meta-predictor represents a completely new combination of predictors not used in the development of any previous meta-predictors, such as metaPrDOS 54 and MD. 55 PONDR V R -FIT was shown to be comparable with the other meta-predictors with significantly improved accuracy in the aggregate as compared with its individual component predictors. In fact, by eightfold cross-validation PONDR V R -FIT was found to improve the prediction accuracy over a range of 3-20% with an average of 11% compared with the single predictors, depending on the datasets being used. 28 
